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Figure 1: Kinematic configuration: the top-quark and W-bosons are treated on-shell. The T-odd correlations 
originate as spin correlations due to CP violating new physics in the production and/or decay vertices 

1. Introduction 

The LHC is quickly becoming a top-quark factory permitting detailed tests of top-quark inter- 
actions. An important aspect of this program should be the search for new sources of CP violation. 
CP violation beyond the standard model (SM) has yet to be observed but we suspect it must be 
there in order to explain the baryon asymmetry of the universe. 

Top-quark pair production and decay provides a unique opportunity to study triple product 
momentum correlations since this process generates a large chain of linearly independent four- 
momentum vectors that are correlated by spin [1]. The new observables that can be studied are 
simple kinematic correlations of the form pi • {pix Ps)- 

These correlations are referred to as "naive-T" odd because they reverse sign under the "naive- 
T" operation that reverses the direction of momenta and spin without interchanging initial and 
final states. These correlations do not have to be CP-odd, they can be induced by CP conserving 
interactions because the naive-T operation does not correspond to the time reversal operation. It 
is well known, however, that CP conserving T-odd correlations only occur beyond tree level, and 
for this reason we will refer to them as being induced by "unitarity phases". This means that 
the CP conserving background is both small and interesting in its own right. The CP nature of a 
given correlation can be determined easily as we will show with examples later on. An important 
point for collider physics is that the generic momenta pi that enters the correlation can be that of a 
composite object, such as a jet. 

A generic diagram for the processes we consider is shown in Figure 1. The circle in the 
production process represents the top-quark pair production including the SM diagrams and CP 
violation due to new physics. Similarly the square in the top decay process represents top decay 
via the SM and any additional CP violating interactions. The W decay is assumed to proceed as 
in the SM and we will consider both the leptonic and hadronic (jets) cases. In Fig. 1 we see how 
the topology of these processes implies that the T-odd correlations first appear as spin correlations. 
When CP violation occurs in the production vertex, the only Lorentz invariant (scalar) T-odd cor- 
relation that occurs is one that involves the momenta and spin of both the top and anti-top. The 
weak decay of the top-quark acts as a spin analyzer and the top-spin gets replaced by one of the 
final state momenta in the final correlation. In the case of CP violation in the decay vertex we see 
that the induced spin correlations do not have definite CP properties. A comparison of both decay 
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vertices is required to separate CP violation from signals induced by unitarity phases. 

2. CP-odd correlations 

We first consider a simple example in the dimuon channel as illustration: pp^tt ^ bbii^vii~v. 
A T-odd correlation that is also CP odd for this case is 

ffi = £{Pb,Ph^Pii+,Pii-) -^"^Pb -[Pii+xPii-) 

^ -Ph • {-Pli- X = • {Pli+ ^Pli-) • (2-1) 

In Eq. 2.1 we first write the Lorentz scalar form of the triple product which can be evaluated in 
any reference frame. To understand its CP properties we next go to the {bb) center of mass frame 
as indicated by the arrow in the first line. This results in the familiar triple-product form. The 
second line sketches the proof that this correlation is indeed CP odd. Notice that this happens even 
though the LHC is a pp collider because we have treated it as a gluon collider (or qq collider) as is 
appropriate for top-quark pair production. This picture fails only for qq initiated processes which 
have been estimated to contribute a negligible background to ti production [11]. Once we have a 
correlation such as Eq. 2.1, we can look for CP violation in two ways: by finding asymmetries in 
the distributions da /dffi, or by constructing an integrated counting asymmetry of the form: 

_ NeventsjPb ' {p^+ X Pji-) > 0) -Nevents{Pb ' {Pii+ X Pji-) < 0) 2) 
NeventsiPb ' {Pii+ X ^M") > 0) +Nevents{Pb ' {Pii+ X ^M") < 0) ' 

We have constructed the counting asymmetry Eq. 2.2 in the bb center of mass frame, but we could 
have done it in any frame, including the lab frame, by using the original Lorentz covariant form of 
<^i. At first glance, appears to require distinguishing the Z^-jet from the ^-jet. This is not the 
case, as it suffices to associate each b-jci with a given muon using any CP-blind scheme. A detailed 
study of a correlation proportional to ffi for Atlas has been performed by J. Sjolin [2]. 

Many correlations can be constructed that are appropriate for different situations. Below we 
give examples appropriate for dilepton, lepton plus jets, and hadronic top-decay channels; as well 
as for detecting CP violation or unitarity phases. We will only use the following momenta: lepton 
{p^±)\ b-']ti {pjj ^); beam momentum (q = Pi— P2); non-Z? jet momenta ordered by pr (pji , Pj2 •••)• 
Any other CP blind ordering of the non-b jets will also work. 

• Dimuon events at LHC: CP-odd correlations (ffi given above and 

^2 = q-{Pii+-Pii-)£{Pii+^Pii-^Pb+Phq) (2.3) 

In this example it is explicitly not necessary to distinguish the b and ^ jets; it is also quadratic 
in q as needed for identical particles in the initial state. 

• Dimuon events at LHC: CP-even T-odd correlation to study absorptive phases (so this one 
does not signal CP violation): 

^b = q-{Pii+-Pii-)£{Pii+,Pii-,Pb-p-b^q)- (2.4) 
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• Muon plus jets events, CP-odd correlations. Notice some require distinguishing b from b but 
some don't. 

^2^j = £(P,Pb + Ph^Pi^Pji) (Pb + Ph)-(PexPn) 

^3£j = Q££(Pb^Ph^P£^Pjl) ^^-^oc QiPb-(p£Xpji) 

^•{Pb-Pb)^{PA^Pb,Pb) ^ Pbeam ' {Pb - Ph) Pbeam ' (Pb X Ph)' (2-5) 

• Multi-jet events, CP-odd correlations. Jets labelled without and with a "prime" are associated 
with the b and b jets respectively. Notice that all one needs is to group each b jet with two 
non-Z? jets, but it is not necessary to actually distinguish the b jet from the b jet. 

^ / ^ bb CM ^ / ^ ^ X 
^5jj = £{Pb,Ph^PjUPjV) Pb-{PjlXPjV) 

ffejj = e{pb,Ph,Pji^Pj2,Pjv^Pj2') ^^^oc {pji+pj2)-{pbXPh)- (2.6) 

Additional examples can be found in Ref. [3] or can be easily constructed. Some observables 
have significantly higher sensitivity than others as can be inferred from the numerical results in 
these two references. 

3. Sources of CP violation 

We motivate the searches by presenting two examples of new physics with CP violation that 
generate some of the correlations discussed so far. We first consider anomalous top-quark cou- 
plings. This case will generate the most general T-odd correlations involving momenta from the 
production and decay processes. It will provide examples of both CP-odd and CP-even observ- 
ables [4]. The disadvantage of this case is that the asymmetries are small by assumption, because 
the anomalous couplings are necessarily small (to remain a valid description of the top-quark cou- 
plings). 

As a second example we consider CP violation in extended scalar sectors. In this case the 
CP violation shows up as physical neutral scalars (color singlets or color octets) with simultaneous 
scalar and pseudo-scalar couplings to top-quark pairs and to gluons. This type of new physics 
can generate large intrinsic asymmetries (we have found some as large as 13%) but they are hard 
to extract as they are concentrated in the range of ti invariant mass around the new resonance 
[5]. Also, the scalar nature of the new resonances prevents any correlations involving the beam 
momentum. 

3.1 Top-quark anomalous couplings 

In this case we modify the ttg and tbW interactions relevant for top-quark pair production 
and decay as in Figure 2. For CP violation in the production vertex there is only one anomalous 
coupling, the top-quark color electric dipole moment (CEDM), dt. For the effective tbW interaction 
several anomalous couplings are possible but only one, , can generate triple product correlations 
that are not suppressed by powers of the /7-quark mass [6]. 

The coupling dt is negligibly small in the SM but can be much larger in general. In particular, 
models in which CP violation is induced by the exchange of neutral scalars have contributions to 
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Figure 2: Anomalous couplings that induce CP-odd triple product correlations: dt (top CEDM) and . 

the EDM (or CEDM) of fermions that scale as mj, suggesting a potentially large top-quark CEDM. 
The CEDM of the top-quark is described by the effective Lagrangian as in Figure 2, which modifies 
the ttg vertex but also introduces a "seagull" ttgg term that is required by gauge invariance. The 
contributions of these two vertices to top-quark production have been written down in a Lorentz 
invariant form [4]. For example, for the leptonic decay of both t and t this coupling produces a 
CP-odd part of the differential cross-section of the form 

da - Ci{s,t,u)e{pt,pt,Pix+^Pii-)+C2{s,t,u){t-u)e{p^_,+ ,p^_,-,P,q) 

+ C3{s,t,u){t-u) {P'Pi^+£{Pi^-,Pt,Phq)+P-PiA-£{PiA+,Pt^Phq)) (3.1) 

where the sum and difference of parton momenta are denoted by P and q respectively. This for- 
mula can be easily adapted to semileptonic and purely hadronic channels. For example for Ws 
reconstructed as one jet the lepton momentum is replaced by the b-joi; for hadronic W decay it is 
replaced by the J-jet momentum (which can be traded for the hardest non-b jet), etc [3]. Notice 
that the correlations in which q appears are quadratic in q, as is necessary for two indistinguishable 
initial state particles. The form factors Q can be found in Ref. [4] but are more conveniently eval- 
uated numerically. This expression with three independent CP-odd and T-odd correlations appears 
to be the most general one, although a formal proof is not available. 

Additional tbW anomalous couplings can introduce CP violation in the decay vertex, which 
we write as 

Ktb = -^VtUiPb) [y^{f{PL + ffPR)-iO^''{Pt-Pb)y{f2PL + f2PR)]u{p,). (3.2) 

This vertex can be derived from a dimension five effective Lagrangian as in Ref. [7], but unlike 
the case of the top cedm, the effective Lagrangian does not generate other vertices that affect this 
calculation. Numerically we use = 1, /f = 1, /f = and /2 = as in the SM, and allow for 
new physics only through the coupling f2 which is the only one that can interfere with the SM 
to produce T-odd correlations that are not suppressed by the Z^-quark mass. To generate T-odd 
observables the coupling f2 must have a phase but this phase does not have to be CP violating. We 
thus write = foxpi{(pf + 5f) using (j)f to parametrize a CP violating phase due to new physics 
and df a CP conserving phase arising from real intermediate states at the loop level. The coupling 
occurs already in one-loop QCD corrections to the tbW vertex with a value of 0.03 [8] but 
without a phase. A unitarity phase occurs in processes with additional gluons [9]. 
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Table 1: Sensitivity limits at LHC (14 TeV) compared to sample models. 



coupling 


d 


j_ 




f 


j_ 

mt 




Theory estimate 


<10-i^ SM[11] 
-10-^ SUSY [11] 

0.003 vector-like multiplets [12] 


0.03 QCD [8] 

CP conserving, no phases. 

Phases require extra gluons [9] 


5(7 sensitivity with 10 fb~^ 


0.05 


0.10 



The spin and color averaged matrix element squared containing the T-odd correlations in this 
case looks like [4] 

\^\\ = fsm{(l)f-\-5f)£{pt,pb,Pi+,Qt)+f^in{^f-8f)£{pt,Pi,,Pi-,Qt). (3.3) 

All the terms in Eq. 3.3 contain three four-momenta from one of the decay vertices and a fourth 
(Q) 'spin-analyzer' which is a linear combination of other momenta in the reaction (its precise 
form can be found in Ref. [4]). Note that these correlations are not CP-odd as was the case for 
CP violation in the production vertex. One needs to compare the top and anti-top decays to extract 
either a CP-odd observable or a CP-even one. The analytic form, Eq. 3.3 guides our expectations 
for the asymmetries but it is again easier to perform all calculations numerically as described next. 

4. Numerics 

We performed a basic simulation to determine the statistical sensitivity of LHC to the anoma- 
lous couplings using MadGraph [10] to generate all signal and background events. Our basic result 
is that the LHC with 10 fb~^ at 14 TeV has a potential 5 a statistical sensitivity to integrated asym- 
metries Ai of 3%. This sensitivity can be translated into bounds on the anomalous couplings as 
listed in Table 1. At 7 or 8 TeV where the ti cross-section is about five times smaller, the statistical 
sensitivity should be roughly 2.5 times worse for the same 10 fb~^ 

An important feature is that there are no background issues for these CP studies beyond those 
already present in the selection of top-quark pair events. This is because all known backgrounds 
are CP conserving. Residual background after event selection will dilute the statistical sensitivity 
of the signals but will not fake them. It is important to carry out further detector level simulations 
to identify potential sources of systematic error. Details of our numerical simulations can be found 
in the original papers, here we summarize the best results for LHC and put them in perspective in 
Table 1. 

The QCD estimate is for the magnitude of /, without any phases. At this level the coupling 
cannot produce T-odd correlations but if we assume that there are large unitarity phases this number 
is a rough estimate for the level of the CP even T-odd correlations that appear in the SM. Absorptive 
phases arise at one-loop in QCD in processes with an additional gluon, and this has been considered 
in detail in [9]. 

As an example of the asymmetries in differential distributions induced by the CP violating 
terms we show in Figure 3 the effect of i = 5 x lO""* GeV on do/dffx. 
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Figure 3: Differential cross-section as a function of the T-odd correlation . Terms linear in this correlation 
generate an asymmetry that signals CP violation. 



4.1 Extended scalar sectors 



In order to show that it is possible to have large CP violating asymmetries within specific 
models we now consider extended scalar sectors in which there is a color octet, electroweak doublet 
[13]. Related studies for color singlets also abound in the literature [14]. This specific multiplet is 
motivated by minimal flavor violation and has been studied in some detail recently. There are two 
neutral (color octet) scalars 5^ and 5^ which in the general case with CP violation have both scalar 
and pseudo-scalar couplings to the top-quark as well as to gluons. The model admits CP violation 
through two new couplings: a phase riu in the coupling to top-quarks of the form [13] 



if: 



V2 



riu e'"''^ UrT'^M^'Ul S^^ + h.c. + 



(4.1) 
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f 



it {a + b-f^)T^ tS' 



Figure 4: Effective scalar/pseudo-scalar couplings of new resonance. 



and a phase 0^4 



in the scalar potential [13] 



V = 




+ 



(4.2) 



The scalar potential appears to have room for three new phases, but one of them (0^3 in our case) can 
be set to zero by convention and the other two are related by custodial symmetry a4 = — 0^5. When 
these phases are non-zero, the couplings of both j to ti and to gg contain scalar and pseudo-scalar 
components as shown schematically in Figure 4. This is what signals CP violation, and in this case 
generates only one of the T-odd correlations that appear in the general case, namely 



An explicit expression for Q^^o^ ^ u) can be found in Ref. [5], but is unnecessary for numerical 
evaluation. 

As before, we use MadGraph [10] to generate all signal and background events for the process 
pp^tt ^ bbii^ji~vv at a 14 TeV LHC. We concentrate on the dimuon channel for simplicity but 
all channels can be studied with the corresponding observables discussed above. There are several 
salient features of this study [5] 

• The intrinsic asymmetries can be rather large. An integrated asymmetry based on ffi, for 
example, can reach a peak value of about 13% at each resonance. 

• The asymmetries at each of the two resonances, 5^ ^, have opposite signs, so that a completely 
integrated asymmetry vanishes. 

• The raw asymmetry is diluted by QCD produced top-quark pairs and can be rather small if 
the resonance does not stand out. 

The model has several free parameters, but if we choose them so that they produce resonances 
at 500 and 700 GeV that stand out minimally above the QCD continuum, the resulting invariant 
mass distribution looks as Figure 5 [5], The parameters used are labelled Case \' after Ref. [5], for 
which 



(4.3) 



niR 500, ,m/ 700 GeV, % 3, ^4^5 = 1, a^, = 7r/4 



(4.4) 
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• asymmetry without QCD 

background: the two resonances 
induce opposite sign asymmetries 



Figure 5: da /dnttj distributions without and with contribution of scalars in Case 1', plotted in dotted and 
solid line, respectively, in an unit of pb per 5 GeV bin. Dashed lines are for the distribution after 400 < 
Mt < 500 [GeV] (red long-dashed) and 600 <Mt < 700 [GeV] (blue short-dashed) cuts. 



and these result in resonant decay widths Sr = 24.3, Sj = 47.7 GeV; production cross-sections 
Sr = 60.4, 5/ = 24 fb and raw asymmetries Ai around each resonance of Sr —0. 127, Sj ^ 0. 103 
respectively. Using the Mt cuts in Figure 5 to separate the resonances, results in asymmetries that 
are significantly diluted. To keep the dilution minimal one must be able to cleanly cut the (narrow) 
regions around the resonances. One can conclude from this that it would be necessary to first 
observe the resonance in order to search for this type of CP violation, but one can also draw the 
lesson that in a generic search it would be useful to study many asynmietries that are integrated over 
narrow bins of mtf rather than the fully integrated counting asymmetry. How to divide these bins 
would require a balance between increasing statistics for sensitivity versus narrowing the bin to 
pick up new physics. IMotivated by the LHC, several additional studies have appeared recently [16] 
discussing different observables. 



5. Conclusions 



The LHC is entering an era of precision measurements in the top-quark system and we have 
argued that the search for CP violation should be an integral part of this program. Any observation 
would signal new physics. 

We have studied several T-odd correlations that illustrate the different possibilities in searching 
for CP violation in top physics corresponding to the different decay channels and to the option of 
separating unitarity phases. 

We have motivated these searches with two examples of new physics that would lead to observ- 
able CP violating signals. Anomalous top quark couplings illustrate the general case and extended 
scalar sectors illustrate potentially large intrinsic asymmetries. 

There exists a recent DO thesis studying these asynmietries that finds no systematic problems 
within the limited statistics available to them [15]. We urge the ATLAS and CIMS collaborations to 
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carry out these studies at the LHC. 
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